In the present study, the defluoridation capabilities and adsorption mechanisms of cryptocrystalline magnesite were evaluated. All experiments were done by batch procedure. Conditions assessed include time, dosage, concentration, pH and the effects of competing ions. Optimum defluoridation conditions were observed to be 20 g/L magnesite, 2:100 solid:liquid ratio, 20 min of agitation and 60 mg/L fluoride concentration. Adsorption of fluoride by magnesite was observed to be independent of pH. Cryptocrystalline magnesite showed >99% efficiency for fluoride removal.
INTRODUCTION
Excessive uptake of water rich in fluoride has led to serious health problems (Shen & Schäfer ) . Depending on the concentration, fluoride can be beneficial or harmful to human health. Permitted levels of fluoride assist in bone and tooth formation. Fluoride also prevents the development of dental cavities. However, if it is consumed in excess, it can lead to the development of dental and skeletal fluorosis (Tor processes, inefficient treatment capabilities and generation of huge secondary sludge limit their application in the defluoridation process. An array of materials and technologies have been tested, and they entail ion exchange, adsorption, precipitation, reverse osmosis, distillation, biosorption, filtration, flocculation and coagulation ( 
Preparation of stock solution and working solution
The accuracy of the analysis was monitored by analysis of National Institute of Standards and Technology water standards. Simulated fluoride-rich water was prepared using sodium fluoride salt. Fluoride stock solution (1,000 mg/L) was prepared by dissolving 2.2 g NaF in 1,000 mL ultrapure water. A working solution (10 mg/L) was prepared by diluting the stock solution 1:100 in ultra-pure water.
Optimization of defluoridation conditions

Effect of agitation time
Removal of F À with contact time was evaluated by using 10 mg/L F À solution and 1:100 solid:liquid (S:L) ratio. Nine 100 mL aliquots of the 10 mg/L F À solution were pipetted into 250 mL bottles and magnesite was added at a dose of 10 g/L.
The mixtures were agitated for 1, 5, 10, 15, 20, 30, 60, 180 and 360 min at 250 rpm using a Stuart reciprocating shaker. After equilibration, the mixture was filtered through a 0.45 μm pore size nitrate cellulose filter membrane. The samples were analyzed for F À by a CRISON ion selective electrode.
Effect of magnesite dosage
Removal of F À according to the magnesite dose was evaluated using 10 mg L F À solution. One hundred millilitre aliquots of the 10 mg/L F À solution were pipetted into eight 250 mL bottles and 0.1, 0.3, 0.5, 1, 2, 4, 8 and 10 g of magnesite, respectively, were added to the flasks. The mixtures were then agitated for 20 min at 250 rpm using a Stuart reciprocating shaker. After equilibration, the mixtures were filtered through a 0.45 μm pore size nitrate cellulose filter membrane. The samples were analyzed for F À by a CRISON ion selective electrode.
Effect of ion concentration
Removal of F À with concentration was evaluated at 20 min of contact time, 20 g/L of magnesite dosage, 2:100 S:L and 250 rpm mixing. Ten 100 mL samples at initial concentration of 2, 4, 6, 8, 15, 20, 30, 40, 50 
Modelling of analytical results
Adsorption kinetics
The pseudo-first order is a kinetic model described by the following equation
where q e (mg g À1 ) is adsorption capacity at equilibrium, q t (mg g À1 ) is the adsorption capacity at time t, and K (min À1 ) is the rate constant of pseudo-first order. The value of K 1 can be obtained from the slope by plotting t vs. log (q e -q t ).
The pseudo-second order model is used when the applicability of the first order kinetics becomes untenable. The equation of the pseudo-second order model is
This equation is used to obtain K 2 , the second order rate from the plots t vs. t/q e .
Adsorption isotherms
The relationship between the amount of fluoride adsorbed and the fluoride concentration remaining in solution is described by an isotherm. The two most common isotherm types for describing this type of system are Langmuir and Freundlich adsorption isotherms. These models describe adsorption processes on a homogenous (monolayer) or heterogeneous (multilayer) surface respectively. The most important model of monolayer adsorption came from
Langmuir. This isotherm is given as follows:
The constants Q 0 and b are characteristics of the Langmuir equation and can be determined from a linearized form of Equation (4). The Langmuir isotherm is valid for monolayer sorption due to a surface with finite number of identical sites and can be expressed in the following linear form:
where C e ¼ equilibrium concentration (mg L À1 ), Q e ¼ amount adsorbed at equilibrium (mg g À1 ), Q m ¼ Langmuir constant related to adsorption capacity (mg g À1 ) and b ¼ Langmuir constant related to energy of adsorption (L mg À1 ).
A plot of C e vs. C e /Q e should be linear if the data is described by the Langmuir isotherm. The value of Q m is determined from the slope and the intercept of the plot. It is used to derive the maximum adsorption capacity and b is determined from the original equation and it represents the intensity of adsorption.
The Freundlich adsorption isotherm describes the heterogeneous surface energy by multilayer adsorption. The
Freundlich isotherm can be formulated as follows:
The equation may be linearized by taking the logarithm of both sides of the equation and can be expressed in linear form as follow:
where C e ¼ equilibrium concentration (mg L À1 ), q e ¼ amount adsorbed at equilibrium (mg g À1 ), K ¼ partition coefficient (mg g À1 ) and n ¼ intensity of adsorption. The linear plot of log C e vs. log q e indicates if the data is described by Freundlich isotherm. The value of K implies that the energy of adsorption on a homogeneous surface is independent of surface coverage and n is an adsorption constant which reveals the rate at which adsorption is taking place. These two constants are determined from the slope and intercept of the plot of each isotherm. An error analysis is required in order to evaluate the fit of the adsorption isotherms to experimental data. In the present study, the linear coefficient of determination of (R 2 ) was employed for the error analysis. The linear coefficient of determination is calculated by using the equation
Theoretically, the values of R 2 range from 0 to 1. A R 2 value of 1 shows that 100% of the variation of experimental data is explained by the regression equation. The coefficient of determination R 2 was applied to determine the relationship between the experimental data and the isotherms in most studies. 
RESULTS AND DISCUSSION
Mineralogical composition by X-ray diffraction
The mineralogical composition of cryptocrystalline magnesite is presented in Figure 1 and the quantitative results are shown in Table 1 .
As shown in Figure 1 , cryptocrystalline magnesite contains periclase and brucite as the main crystalline minerals. It also contains impurities of forsterite and monticellite. The amorphous phases were not detected on the analysis. Amorphous phases were quantified by XRF, Fourier transform infrared spectroscopy and EDS.
Elemental composition by EDS and morphology by SEM
The elemental composition and morphology of cryptocrystalline magnesite is shown in Figure 2 . 
SEM
Batch experiments
Effects of contact time was noted that the optimum dosage suitable for defluoridation is 2 g/100 mL of magnesite. Therefore, 20 min of agitation and 20 g/L of magnesite are the optimum defluoridation conditions which will be used in subsequent experiments. This shows that magnesite has strong affinity for fluoride. Figure 6 shows an increase in pH after the interaction of magnesite and fluoride-rich water. Final pH for all solutions ranged from 10 to 11. Removal of fluoride was >95.0% at all pH ranges except pH 2 which was slightly lower than 94.5%.
Effects of ion concentration
The percentage removal did not vary significantly at various initial pH suggesting the removal of fluoride using cryptocrystalline magnesite is independent of pH of media.
Furthermore, it was observed that adsorption of fluoride using magnesite is independent of initial pH (Figure 7) .
Effects of competing ions
The effect of competing ions on fluoride removal is shown in Figure 8 (20 min contact time, 20 g/L dosage, 60 mg/L, 2:100 S:L ratio and 25 W C ambient temperature).
The effects of co-existing nitrate, sulphates, chlorite, and bromide anions on fluoride removal was examined (Figure 8 ). In the presence of other anions, removal of fluoride by cryptocrystalline magnesite was greater than 99%. Sulphate was also observed to be adsorbed onto magnesite matrices hence showing that the anionic species has affinity to magnesite. As shown in Figure 8 , the competing anions have no effects on the removal of fluoride from aqueous solution.
Possible fluoride removal mechanism
The mechanism of fluoride sorption on magnesite surfaces can be given by the following expression:
It is expected that similar process occur on the presence study using cryptocrystalline magnesite.
Adsorption kinetics
The pseudo-first and second order adsorption kinetics is shown in Figure 9 .
To evaluate the mechanisms of adsorption by magnesite, pseudo-first order and second order kinetic models were applied (Figures 9(a) and 9(b)). This was done in an attempt to gain insight on the mechanism and steps controlling removal of fluoride. The kinetics data showed better correlation with the pseudo-second order model because of the high values of correlation coefficients based on the linear regression (R 2 ¼ 1). This confirms chemisorption, since the rate limiting step is a chemical sorption.
Adsorption isotherms
The Langmuir and Freundlich adsorption isotherm is shown by Figure 10 .
The Removal of fluoride under optimized conditions Table 3 shows the removal efficiency of fluoride from aqueous media using magnesite under optimized and natural conditions. The fluoride-rich groundwater had a slightly alkaline pH of 9.2. Magnesite was observed to remove fluoride from groundwater to below DWAF water quality guidelines. This shows that magnesite is an effective material that can be used for removal of fluoride in wastewaters or groundwater. Table 4 shows the different adsorption capacities of various adsorbents of fluoride reported in the literature. Even though the adsorption capacities were obtained at different pHs and temperatures, they offer a useful criterion to compare the different adsorption capacities. From the table, it is clear that magnesite has a higher adsorption capacity than the other adsorbents. Therefore magnesite can be effectively applied for defluoridation of groundwater because of its ability to adsorb fluoride.
CONCLUSIONS AND RECOMMENDATIONS
This study arrived at the following conclusions:
1. Adsorption of fluoride by magnesite is independent of pH.
2. Maximum fluoride removal was found at 20 min of contact time, 20 g/L of dosage, 60 mg/L of fluoride concentration, 2/100 S:L and 25 W C ambient temperature. Langmuir and Freundlich adsorption isotherms are shown in Table 2 . 3. Kinetic studies revealed that the fluoride removal followed a pseudo-second order than pseudo-first order hence confirming chemisorption as the rate-limiting step.
4. The adsorption data fitted better to Langmuir than Freundlich adsorption isotherms hence confirming monolayer adsorption 5. To this end, it can be concluded that, effectiveness, availability and low cost of cryptocrystalline magnesite makes this material a potential candidate for defluoridation of groundwater.
6. Cryptocrystalline magnesite managed to remove fluoride to below DWAF drinking water quality guidelines. As such, this technology can be used as a point source defluoridation technique in rural areas and households in South Africa and other developing countries.
